I. INTRODUCTION
Semiconductor nanowires (NWs) are one-dimensional structures allowing the engineering of photons, phonons, electrons, and plasmons, which grants them a paramount role in nanodevice development. Significant differences with the behaviour of bulk materials are enabled by the large aspect ratio and the size of the confined dimension, the NW diameter. [1] [2] [3] [4] In particular, the interaction of semiconductor NWs with light presents very promising features for advanced photonic devices, e.g., photovoltaic cells, photodetectors, and light emitters, including lasers. In this frame, a broad spectrum of amazing optical properties has been reported for deep subwavelength diameter semiconductor NWs, e.g., waveguiding, 4 optical resonances, 5 and antenna effects. 6 It has been shown that light couples to NWs in different ways depending on the NW diameter, NW composition, light wavelength, and the dielectric mismatch between the NW and the surrounding media. 7 All these variables allow tuning the optical properties of the NWs. One of the most relevant properties concerning the light/NW interaction is the ability of NWs to enhance the optical absorption/scattering for certain NW diameters. [4] [5] [6] [8] [9] [10] [11] Different phenomena related to such a resonance effect have been reported, e.g., enhanced photocurrent in Ge NWs, 8 enhanced elastic and inelastic light scattering by Si NWs, 12 light extinction, 13 enhanced light emission, [14] [15] [16] [17] second harmonic generation, 18 and optical annealing of Si NWs, 19 among others. Compared to either dielectric micro-resonators or metal cavities, semiconductor NWs present additional chances for engineering the optical resonances. In particular, their suitability for fabricating complex structures such as heterojunctions (HJs), quantum wells, and superlattices or selective doping should provide additional means to engineer the light/NW interaction. HJs are fundamental for most electronic and optoelectronic devices, such as sensors, solar cells, and thermoelectric devices. The proper characterization of the HJ optical properties is essential to improve the performance of optoelectronic devices.
Quantitative analysis of the interaction between the electromagnetic (EM) radiation and NWs has been carried out by the extension to NWs of the Lorenz-Mie theory, developed for the study of the electromagnetic behavior of resonant micro-spheres. 20 In this theory, the NWs are described as infinitely long cylinders immersed in a homogeneous and isotropic non-absorbing medium. The calculation of the absorption and scattering efficiencies of NWs, Q abs , and Q sc , respectively, has revealed a strong dependence of these magnitudes with the NW diameter and the light wavelength. 10 Numerical solutions of the problem by the finite difference in the time domain (FDTD) method showed that the electric field inside the NW is not homogeneously distributed, but a pattern of lobed like structures, whose distribution depends on the NW diameter, is observed.
We study herein the interaction between a laser beam focused through a high magnification microscope objective and group IV semiconductor NWs, both compositionally homogeneous and axially heterostructured. This interaction is experimentally monitored by micro-Raman spectroscopy, and the results are contrasted with the solution of the Maxwell equations using finite element methods (FEM). In Sec. II, we describe the samples and the experimental procedure, Sec. III deals with the Raman analysis of these NWs, Sec. IV is devoted to the FEM modelling of the light/NW coupling, and, finally, Sec. V presents the discussion of the results, highlighting the role of the axial heterojunctions as optical enhancers.
II. EXPERIMENTAL AND SAMPLES
Group IV NWs were grown by the vapour-liquid-solid (VLS) method using a commercial low pressure chemical vapor deposition (LPCVD) reactor. Either SiH 4 or Si 2 H 6 and GeH 4 were used as precursor gases, and Au metal droplets were used as catalysts. 21 Single Si NWs were grown at 470 C using Si 2 H 6 as a precursor, while the SiGe NWs (with a nominal Ge atomic fraction close to 0.1) were grown at 430 C. The carrier gas was H 2 , preserving for the different precursor flow ratios a total pressure of 400 mTorr all over the growth run. 21 Under these growth conditions, straight NWs with uniform diameters ranging from 30 to 100 nm were obtained. A crucial issue concerns the HJ; in a previous work, the different growth approaches followed to achieve the matching between the SiGe and Si segments in the axially heterostructured NWs were discussed. 22 The best way to achieve a good junction between SiGe and Si was by switching off the GeH 4 source, while keeping a continuous flow of Si 2 H 6 .
The morphological features of the NWs were studied in a high resolution field emission scanning electron microscope (FESEM). The NWs lengths varied from 2 to 5 lm, and they appear as straight cylinders without appreciable tapering. Transmission Electron Microscopy (TEM) showed the excellent crystallinity of the NWs, Fig. 1(b) . In particular, high resolution TEM images of the HJ region of SiGe/Si HJs did not show structural discontinuities at the junction, nor stacking faults, or other structural defects. 21, 22 It is claimed that in VLS growth, the abruptness of the HJ depends on the solubility of the atomic species in the catalyst metal. Due to the reservoir effect in the catalyst droplet once the precursor gas source is switched-off to shift to the composition of the next NW segment, the remaining atoms solved in the catalyst droplet continue to be deposited up to reaching a sub-saturation concentration. The result is a compositionally graded junction, with the composition varying between the compositions of the two NW segments, Si 1-x Ge x and Si, respectively. This effect is particularly relevant in the SiGe system because of the high solubility of Ge in Au. According to this, the SiGe/Si HJ presents a characteristic trailing gradual composition. The trailing HJ width was claimed to be roughly equivalent to the NW diameter, [23] [24] [25] and thus, the axially heterostructured NWs consist of a Si 1-x Ge x segment, a narrow Si 1-y Ge y HJ layer with a graded Ge composition (x ! y ! 0), and a Si segment. Atomicresolution high-angle annular dark-field scanning-transmission electron microscopy (HAADF-STEM) reveals the existence of the compositionally graded HJ, 24 which can also be observed by high resolution energy dispersive X-Ray spectroscopy (EDS), though a precise estimation of the composition gradient is not easy to be achieved because of the e-beam size.
As-grown NWs were separated from the substrate in an ultrasonic bath and suspended in methanol. Droplets of this suspension were spread out on an Al coated Si substrate for the micro-Raman (l-R) measurements. The choice of the substrates is based on the optimization of the Raman signal, which is enhanced by the presence of the metallic substrate with respect to free standing NWs. Also, but not less important, the presence of the metallic substrate improves the thermal management of the NW allowing to minimize the laser induced heating during the l-R experiments. Al coated substrates were satisfactory from both the thermal point of view and the enhancement of the Raman signal. Therefore, they were used as the standard substrate for our micro-Raman measurements. The Al coating was around 0.5 lm thick, enough to block any optical signal arising from the Si substrate. This thickness also guarantees a continuous Al layer with no Al islands, ruling out any Al related plasmon enhancement of the Raman signal.
l-R spectra were recorded with a Labram UV-HR 800 Raman spectrometer from Horiba-Jobin Yvon. The excitation and the scattered light collection were performed by means of a confocal metallographic microscope with a high magnification objective (Â100) and a numerical aperture of 0.95. A frequency doubled Nd:YAG laser (532 nm) was used as the excitation source. The laser beam diameter at the focal plane is slightly below 1 lm according to the Abbe formula (/ ¼ 1.22 k/NA), which is several times larger than the diameter of the studied NWs, which typically ranges from 30 to 100 nm. It is important to note that the effective excitation power on the NW depends on its position inside the Gaussian power distribution of the focused laser beam. 26, 27 Prior to the Raman measurements, the dimensions and morphology of each NW were characterized in a field emission scanning electron microscope (FESEM).
III. EXPERIMENTAL RESULTS
l-Raman spectroscopy has demonstrated to be a powerful non-destructive technique for the characterization of semiconductor NWs. It provides information about several relevant aspects of the NWs, e.g., the structure, composition, stress, and thermal, electronic, and optical properties. 5, 7, [28] [29] [30] [31] [32] Some of the above-mentioned properties depend on the NW dimension. Therefore, in order to give sense to the Raman spectrum, one needs to work with individual NWs instead of ensembles of NWs, which give a Raman spectrum averaged over a certain population of NWs with a distribution of diameters and lengths. Furthermore, the Raman signal is proportional to the excitation light intensity (i.e., / jEj 2 ), which makes Raman scattering an excellent tool to catch sight of the electromagnetic interaction between NWs and light.
A priori, the measurement of the Raman spectrum of individual NWs is challenging because of the low efficiency of Raman scattering, which is a second order optical process. This results in a weak Raman signal when dealing with small sampling volumes, as it can be the case of individual NWs. On the other hand, NWs are not efficient thermal carriers; 2, 3 therefore, in order to avoid laser induced heating, one has to keep low excitation laser power densities. Laser heating might modify the shape of the Raman spectrum leading to misinterpretations; in particular, free standing NWs are substantially heated up during Raman experiments because of the poor heat dissipation across them. 2, 3, 26, 27, 31 Laser induced heating is almost negligible under our experimental conditions because of the use of a metallic substrate, namely, Al coated Si, and the adequate excitation conditions.
When the NWs are deposited on certain substrates, e.g., Al coated Si, they can be directly observed at the optical microscope in spite of their deeply subwavelength diameter, which evidences that the NWs behave as nanolenses for visible light. Furthermore, the observation of the NWs in the optical microscope depends on its orientation with respect to the light polarization axis, showing that the NW is a very anisotropic optical object. 16, 17 All these optical behaviors point to an unusual interaction between the NW and light. This is well observed when one measures the Raman spectrum of individual Si NWs. Regardless of the small sampling volume, when the NWs were deposited on different substrates, the Raman intensities recorded for individual NWs reached the same order of magnitude as the intensity recorded for bulk Si under similar excitation conditions, Fig. 2 . Note that in terms of Raman intensity per unit of scattering volume, the Raman signal arising from the NW presents a significant enhancement with respect to the bulk Si signal, about two orders of magnitude. The NWs behave as optical nano-antennas rendering the Raman spectrum of individual NWs measurable under low laser power excitation for resonant diameters. [28] [29] [30] Therefore, l-R spectra of individual NWs without external perturbations, e.g., heating, can be recorded if one adopts the appropriate experimental configuration.
As mentioned above, the NWs are optically anisotropic, and as a result, the Raman signal will strongly depend on the polarization of the incident light. A polar plot of the recorded Raman intensity with respect to the angle formed between the light polarization and the NW axis will show a dipolar behavior in which the maximum signal is observed when the electric field of the incident light is aligned parallel to the NW axis, Fig. 3 . All the Raman spectra of the NWs presented here were recorded in this configuration to optimize the signal/noise ratio.
The full characterization of the NWs was carried out acquiring the Raman spectra by scanning the laser beam either along or across the NW axis in steps of 50-100 nanometers. Transverse laser scans across the NW permit us to establish the Raman response of the NW to the laser intensity. In previous works, we studied the effective excitation intensity depending on the position of the NW inside the Gaussian power distribution of a focused laser beam. 26, 27 When the Raman peak frequency remains unchanged across the transverse scan, one can assume that there is not noticeable heating of the NW by the laser beam for that selected laser power. The Raman peak frequencies obtained from the transverse scan across a Si NW are shown in Fig. 4(b) . One observes that there is a negligible frequency shift along the scanning line, which means that the NW is not heated by the laser beam within the range of powers drawn by the laser power Gaussian profile, see the temperature conversion in Fig. 4(c) . When the laser power increases, one observes the typical peak frequency downshift and broadening associated with increased temperature. Therefore, taking into account the temperature profiles of Fig. 4 , one can ascertain that for laser powers below 50 lW (532 nm), one can work in conditions of negligible laser induced heating. Therefore, transverse scans across the NW are suitable for fixing the optimal excitation conditions and also permit us to align the NW with the beam axis.
A. Axially heterostructured NWs
Up until now, most of the research interest about the light/NW interaction has focused on homogeneous single NWs, 5, 6, 10 while the role of the heterojunctions in the light/ NW interaction has been scarcely studied and mainly focused on core/shell HJs. 33 The analysis of the axially heterostructured NWs was done by scanning the laser beam along the NW axis in steps of 100 nm. As mentioned above, the trailing SiGe/Si HJ consists of a compositionally graded layer with a thickness roughly equivalent to the NW diameter. [22] [23] [24] [25] 34 A priori, when the focused laser beam shares the two NW segments and the HJ, the Raman signal arising from the HJ layer must be much less intense than the Raman signals arising from the two NW segments, in terms of scattering volume figures. Under normal conditions, it should be scarcely detected, because of the very small sampling volume of the HJ. The sampling volumes of the three NW regions simultaneously shared by the laser beam, Si 1-x Ge x /Si 1-y Ge y (HJ)/Si, obey to a ratio %1:0.08:1 for a 40 nm diameter NW, assuming a HJ width equivalent to the NW diameter. Once the volume ratio is corrected by the Gaussian laser power distribution, assuming that the HJ is placed in the laser beam center, the integrated laser power ratio for the three sampled volumes scales to %1:0.1:1, which is still greatly unfavorable for the HJ region in terms of effective excitation.
Typical Raman spectra (only the Si-Si Raman mode of the SiGe alloy is shown) obtained along a 50 nm diameter axially heterostructured SiGe/Si NW deposited on an Al coated Si substrate can be seen in Fig. 2 of Ref. 39 . One observes the typical Raman spectrum of a Si NW for the laser beam focused on the Si segment. When it is focused on the Si 1-x Ge x segment, one observes the Raman spectrum of the SiGe alloy with the nominal Ge composition, which in this case is %10%. This has been confirmed by the peak frequency shift of the Si-Si Raman mode 35, 36 and also by EDS measurements in the TEM. Note that the studied NWs have diameters (>30 nm) for which phonon confinement does not occur, 37, 38 and then, Raman bands are not disturbed by size effects. Regarding the Raman spectrum recorded when the laser beam shares the two NW segments and the HJ, one observes a band peaking at an intermediate frequency between the ones of the Si and Si 1-x Ge x NW segments. While the spectra taken in the single NW segments are fitted by only one Lorentzian curve, the spectrum sharing the HJ needs three Lorentzian curves to be satisfactorily fitted. Each of the three bands resulting from the deconvolution corresponds to the Si 1-x Ge x segment, the Si segment, and the HJ layer itself, respectively. In the case of the HJ, the Raman spectrum looks like the SiGe spectrum corresponding to an intermediate composition in between those of the two homogeneous segments, see Fig. 3 of Ref. 39 . Surprisingly, the Raman intensity arising from the HJ is as intense as, or even higher than, the Raman intensities arising from the two NW segments, instead of the expected 1:0.1:1 volume ratio reported previously. Therefore, a significant Raman enhancement, at least 10 to 20 times, shall be localized at the HJ, which points to a significant local electromagnetic enhancement in the very HJ region. 39 This is better observed in a Si 1-x Ge x /Si axially heterostructured NW with a higher Ge content, x % 0.6 in this Note that as the NW position is closer to the beam axis, the effective excitation laser power density is enhanced because of the Gaussian laser power distribution. One observes that laser powers up to 50 lW (532 nm) permit us to work without significant NW heating, while for higher laser powers, the temperature starts to increase under the laser exposure. Because of the Gaussian power distribution, the effective excitation laser power depends on the position of the NW with respect to the laser beam axis. These scans permit us to fix the conditions for which the temperature enhancement can be neglected.
case. 40 The larger shift of the Si-Si peak of the SiGe alloy permits us to observe the different contributions with minimum overlapping. In these NWs, a dramatic spectral change occurs when the laser beam crosses the HJ region, Fig. 5 . One observes a change in the relative intensities and a shift of the peak frequencies of the Raman bands of the SiGe alloy, both clear evidences of compositional changes at the HJ with respect to the two NW segments. Once again, the spectrum collected at the HJ, identified through its Raman spectrum, shows a much higher intensity than it should correspond to its volume, Fig. 5 .
The relevant point is that the Raman spectrum of the HJ is clearly seen in spite of the small scattering volume associated with the HJ. For these NWs, the measured Raman intensity per unit volume arising from the HJ is enhanced by a factor of about 60 with respect to the Raman signal collected in the pure NW segments. This evidences that the HJ provides an additional contribution to the coupling between the laser beam and the NW. In other words, the axial HJ concentrates the electromagnetic field under visible illumination, which appears very suitable for photonic applications, e.g., photon harvesting in solar cells or photon detectors.
Note that this is not a mere compositional effect. In fact, the Raman signal of Si 1-x Ge x with x ¼ 0.7-0.8 presents a resonance for 532 nm excitation. 41 This resonance is progressively quenched for decreasing x; therefore, if we were observing a simple compositional resonance, the Raman spectrum collected from the SiGe segment (x % 0.6) will supply a higher intensity than that from the HJ, where the value of x progressively decreases, being out of compositional resonance. It is worth mentioning that the Raman signal arising from the HJ of the heterostructured Si/Ge NWs was also observed by Wang et al. 42 
IV. MODELLING OF THE LASER/NW INTERACTION
The understanding of the light/NW interaction demands the solution of the Maxwell equations of the system formed by the laser beam, the NW, and the hosting medium. The experimental conditions must be carefully considered when one acquires the spectrum of a NW with a micro-Raman apparatus (far field). First, the laser beam is focused by a high magnification optical microscope objective with a large numerical aperture, which gives a focused Gaussian-like laser intensity distribution. Second, as mentioned in Secs. II and III, the NWs have a finite length and an optical discontinuity due to the HJ. Finally, the NWs can be either free standing surrounded by air or lying on a substrate. All of this shall be consider in the modelling.
The problem of the interaction of the EM wave and the NW is usually studied in terms of the Mie scattering theory. For this, an ideal homogeneous and infinitely long NW is considered, neglecting the influence of the NW ends. Most of the simulations rely on the illumination with polarized plane waves, while only a few studies have considered focused laser beams. 7 The presence of the NW ends and the HJ is not compatible with the infinite and homogeneous NW of the Mie theory. In this work, Maxwell equations in 3-dimensional space were solved using the Electromagnetic Waves in Frequency Domain module of COMSOL Multiphysics.
In the simulation, a heterostructured NW is placed on the substrate, which fills the inferior half-space, while the space surrounding the NW is set up to be air. The laser beam is described as a focused Gaussian beam, instead of the usual approach of a plane wave. In this situation, the distribution of the EM field inside the NW is far from what a homogeneous illumination would induce, and the plane wave approximation is no longer valid.
The equations accounting for the electric field in a Gaussian laser beam propagating along the z axis are written as follows:
and cylindrical coordinates are used: r is the distance to the beam axis (z axis) and z the position with respect to the focal plane (z ¼ 0). R(z) is the radius of curvature of the wavefront at z, f(z) is called the Guoy phase at z, typical of Gaussian and spherical wavefronts, and w(z) is the diameter of the Gaussian spot at z, which depends on its value at the focus w 0 ¼ w(0), the so called waist size. Let us remind that the NW is lying on the x-y plane. According to Abbe's formula, the beam waist size, w 0 , is determined by the laser wavelength and the numerical aperture of the objective
Once the excitation laser beam and the system have been modelled, the FEM software solves the equations of the scattered field. The scattered field, E sc , is defined as the EM field generated by the system when the excitation field, E b , is applied, in order to create a total EM field satisfying the Maxwell equations
When the distribution of the total EM field inside the NW is known, the expected Raman signal of each segment of the NW can be calculated since the emitted Raman signal is proportional to the EM field intensity, I R / jEj 2 . Therefore, once we have calculated the distribution of the electric field inside the NW, the Raman signal arising from a certain region of the NW will be proportional to the integral of jEj 2 over the corresponding sampling volume. By computing these integrals, we can plot the corresponding theoretical Raman signal along the NW.
Finally, the model is solved for different positions of the laser beam along the NW axis in order to reproduce the experimental longitudinal scans of the NW. This allows us to calculate the Raman intensities of the NW as a function of the laser beam position. The optical parameters used for the calculations are resumed in Table I and were extracted from Sopra database. 43 
V. DISCUSSION
The tunability of the optical absorption by NWs requires the control of the different factors contributing to the enhancement of the optical absorption/scattering. The FEM model permits us to analyze the impact of the enhancement factors, namely, the NW dimension, the substrate, the light wavelength and polarization, and the NW nature and structure.
We solved the problem for different substrates characterized by different complex refractive indexes. In particular, the results obtained for Au, Al, Ge, and air are shown in Fig. 6 for the 532 nm wavelength. This figure shows the diameter dependent resonances for jEj , up to one order of magnitude for the NWs standing in air with respect to the incident electromagnetic field and up to 2 additional orders of magnitude for the NWs lying on the metallic substrate. The reflection of both the excitation and the Raman radiation by the metallic substrate can contribute to this enhancement by a theoretical factor of 4, and the remaining amplification is due to the EM interaction between light and the NW-substrate system. The substrate acts by improving the antenna effect already present in free standing NWs. Figure 6 also shows that the resonance diameters depend on the substrate. There is a shift of the resonances to lower diameters for Au with respect to Al and a further shift to lower diameters for the free standing NW in air, as it was already shown in Ref. 7 using FDTD calculations. The resonances for the Ge substrate closely match those of the Al substrate but with lower electromagnetic enhancement. According to this, the optical response of the NWs can be tuned by using different diameters and substrates characterized by different optical constants.
A. Axial heterojunctions
The study of axial heterostructures demands a 3D solution of the Maxwell equations in order to reveal the role of the HJ. We have solved the Maxwell equations for a NW with a SiGe/Si axial HJ interacting with the focused Gaussian laser beam. The 3D solution of the Maxwell equations reveals the enhancement of the electric field in the HJ region, in agreement with the Raman measurements, Fig. 7 . The 3D simulation also reveals that the electromagnetic field profile along the NW axis exhibits a series of longitudinal These longitudinal modes can be clearly seen when a plane wave excitation is considered on a pure Si NW of finite length, but they are hidden by the Gaussian beam distribution in the local excitation case. However, in the presence of the HJ, they are clearly revealed, evidencing that the HJ produces a significant disturbance of the electromagnetic field inside the NW. In addition, the HJ increases the electromagnetic field intensity inside the NW, and this overall enhancement is also experimentally observed in the Raman scans along the NW axis; in Fig. 5(b) , a higher Raman intensity is observed in the presence of the HJ. In order to confirm that the jEj 2 resonance at the HJ is related to the presence of the HJ itself and it is not an effect of the mere difference in the resonance behaviour between the two NW segments, we modelled two different scenarios for a 40 nm diameter NW. The first one is a pure Si NW with a SiGe (x ¼ 0.075) thin slab (6 nm width) in its center, and the second one is a pure SiGe (x ¼ 0.15) with the same SiGe (x ¼ 0.075) slab. If we were dealing with a mere compositional effect, both cases should exhibit opposite behaviours in the HJ region. However, the local enhancement of the electric field at the HJ is observed for both NW configurations, which points to the electromagnetic field enhancement by the presence of the HJ, Fig. 8 .
Finally, the calculated enhancement factor of jEj 2 at the HJ of a Si/SiGe NW with the same structure as the experimentally measured ones is 63. This value is in very good agreement with the mean value of 60 experimentally measured by l-Raman spectroscopy.
VI. CONCLUSIONS
An exhaustive analysis of the NW/light coupling has been carried out combining electromagnetic modelling and micro-Raman experiments on individual NWs, aiming to understand the light/NW interaction. The Raman experiments evidenced different optical enhancement phenomena, some of them already known, while others as the enhancement associated with the axial HJs are new. The Raman experiments have demonstrated the possibility of tuning the light/NW interaction by varying different configurations of the NWs, namely, diameter, substrate, length, composition, and NW structure, in particular, the presence of HJs. A description of different micro-Raman experiments on NWs revealing the different optical effects is provided.
Numerical solutions of the Maxwell equations for the different experimental configurations of the light/NW system have been carried out. In particular, the laser beam/heterostructured NW interaction has been numerically analyzed by 3-D finite difference solutions of the Maxwell equations. Furthermore, instead of an infinite plane wave, a focused laser beam with a Gaussian intensity distribution has been used, more accorded with the comparison to the microRaman experiment. Additionally, we have considered different substrates supporting the NWs, since the resonance properties of the NWs depend on the electromagnetic properties of the surrounding medium as well.
The results presented herein show different possibilities for tuning the optical properties of the NWs. In addition to the diameter and composition dependence of the optical properties of the NWs, further consideration must be given to the NW length, the presence of HJs, and the surrounding medium. All of them would provide suitable means for tailoring the optical absorption/scattering of semiconductor NWs. This locally enhanced EM absorption might open interesting perspectives for photon engineering with heterostructured NWs; in particular, it seems very promising for photovoltaics and light detectors. 
